The thermally activated motion of vortex bundles and the anomalous Hall
  effect in type-II conventional and high-Tc superconductors by Chen, Wei Yeu & Chou, Ming Ju
 1
The thermally activated motion of vortex bundles and the 
anomalous Hall effect in type-II conventional and high-Tc     
superconductors       
    
Wei Yeu Chen*, Ming Ju Chou 
 
Department of Physics, Tamkang University, Tamsui 25137, Taiwan 
 
                           ( 6 January, 2007) 
Abstract 
 
The anomalous Hall effect in type-II conventional and high-Tc superconductors is investigated  
 
based on the proposed novel theory of the thermally activated motion of vortex bundles over a 
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effect is induced by the competition between the Magnus force and the random collective pinning force  
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1. Introduction 
 
     The vortex dynamics in type-II superconductors, discovered by Abrikosov [1], has been  
 
focused tremendously theoretic and experimental efforts [2-25], especially the most appealing  
 
and confusing phenomenon-the anomalous Hall effect (AHE)- in type-II conventional and  
 
high-Tc superconductors[14-25], since the Hall resistivity was first measured by Niessen and  
 
Staas in 1965 [2], later the Hall anomaly was observed by Van Beelen et al. [3]. So far, there 
 
is no generally satisfactory explanation for this amazing anomaly, the origin of this Hall  
 
anomaly still remains unsolved. In this paper, we develop a novel theory for the thermally  
 
activated motion of vortex bundle over the directional-dependent energy barrier formed by the  
 
potential generated by the Magnus force and the collective pinning force, and the potential  
 
barrier generated by a myriad of randomly distributed strong pinning sites inside the bundle  
 
[4, 6-9]. Applying this theory, we successfully explain the remarkable Hall anomaly. In  
 
accordance with our theory, the AHE is indeed induced by the competition between the  
 
Magnus force and the random collective pinning force of the vortex bundle.    
 
The rest of this paper is organized as follows. In Section 2, the theory of thermally  
 
activated motion of vortex-bundle is developed; the Hall and longitudinal resistivities are  
 
calculated. In Sections 3 and 4, the AHE for type-II superconducting bulk materials and  
 
thin films are investigated respectively. In Section 5, the reentry phenomenon for the AHE  
 
is discussed. In Sections 6 and 7, a general discussion and concluding remarks are conveyed.  
 
 3
2. The thermally activated motion of vortex bundles and the Hall and longitudinal 
resistivities  
 
Realizing the fact that quenched disorder destroys the long-range order of the flux lattice  
 
(FLL), after which only short-range order, the vortex bundles, prevails [5-6]. In this section  
 
we develop a theory for thermally activated motion of vortex bundles over the directional-  
 
dependent energy barrier formed by the Magnus force, the random collective pinning force,  
 
and the potential barrier generated by the randomly distributed strong pinning sites inside the  
 
bundle. The energy barrier is directional-dependent due to the presence of Magnus force and  
 
random collective pinning force, namely, the energy barrier is different when the direction of  
 
activated motion is different. Our results demonstrate that the AHE is induced by the  
 
competition between Magnus force and random collective pinning force of the vortex-bundle.  
 
2.1. Calculation of the coherent frequency of the vortex bundle by random walk theorem 
 
It is well understood that [10] the vortex line oscillates inside the potential barrier due to  
 
thermal agitations. The thermal oscillation frequency of the individual vortex inside the  
 
potential barrier, by identifying the oscillating energy of the vortex line with the thermal  
 
energy, can easily be obtained as,  
 
        Tνν =    ,                                                    (2.1) 
 
with
m
k
A
B
2
1
πν = , where A  is the average amplitude of the oscillation, Bk  is the Boltzmann  
 
constant and m  is the mass of the vortex line [11]. The oscillations of each individual vortex  
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inside the vortex bundle are not coherent, namely, their oscillations are at random. In order to  
 
obtain the coherent oscillation frequency Cν  of the vortex bundle as a whole, the frequency  
 
ν  in Eq. (2.1) must be divided by the square root of the number of vortices in the  
 
bundle N ,  
 
          
BR
T
NC π
ννν 0Φ==      ,                                      (2.2) 
 
with 0Φ  is the unit flux, R  is the transverse size of the vortex bundle, B  is the value of  
 
the applied magnetic field. The essential property can be comprehended by considering the  
 
problem of random walk. Let 0l  be the length of each individual step, for a walk with totally  
 
N steps, if the walk were coherently in the same direction, the total length of N steps would  
 
be 0lNL = ; however, these steps are not coherently in the same direction, they are at random.  
 
With the aim of receiving the length after N steps it must be divided the above expression by  
 
the square root of N,  
 
                00 lNN
lNL ==    ,                                      (2.3) 
which is the desired answer for the random walk with N steps. 
 
2.2. Evaluation the root-mean-square of the angle between the random collective pinning 
force and positive y-direction 
 
 Let us consider the case for p-type superconductors with current in the positive x-direction  
 
and the magnetic field in the positive z-direction, if we assume that the angle between the  
 
random collective pinning force of a vortex line and the positive y-direction measured in  
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counterclockwise sense is θ . This temperature and field dependent θ  can be obtained as 
follows: Since θ  is small, we can approximately write 
||
||
L
el
f
fr
r
≅θ , where || elf
r
 and || Lf
r
 
are the magnitudes of the elastic force and the Lorentz force of the vortex line. Owing to the  
 
thermal fluctuations, taking into account the fact that 6611 CC >> , the displacement vector )(rS f r
r
  
 
of the vortex in the bundle as well as its corresponding elastic force )(rfel
rr  is proportional to  
 
66C
kB or
TT
T
B c −
1 [4, 6-9]. The temperature-and-field-dependentθ can now be expressed as  
 
       
TT
T
B c −
= 1'αθ  ,                                                (2.4)   
 
where α ′  is a proportional constant. By considering the theorem of random walk, the  
 
direction of the random collective pinning force for the bundle is  
 
     
TT
TNBT
c −
== αθα ),(   ,                                          (2.5) 
 
with 0/Φ′= παα R , where R  is the radius of the vortex bundle and 0Φ  is the unit flux.  
 
The root-mean-square of the angle between the random collective pinning force and the  
 
positive y-direction in counterclockwise sense for the vortex bundle can be obtained as,   
 
         2
1
2
2
2
2
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−
   .                               (2.6) 
 
Keeping in mind the fact that ),( BTα  is usually very small in our theory, we obtain, 
 
        
TT
TBT
c
R −=≅>< ααφ ),(
2    .                                   (2.7) 
 
2.3. Calculation of the Hall as well as longitudinal resistivity  
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 To proceed let us calculate the energy barrier of the vortex bundle generated by the Magnus  
 
force, the collective pinning force, and the randomly distributed strong pinning sites inside the  
 
bundle. After some algebra, the energy barrier of the vortex bundle both in the positive and  
 
negative x-direction as well as y-direction are obtained respectively as,   
   
       )
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( Rp
T
by
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v
v
JBRVU ><+−   ,                                       (2.8) 
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JBRVU ><++  ,                                        (2.9)  
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vJBJBRVU ><++−− ,                                    (2.10) 
 
       )( Rp
T
bx
y
F
v
vJBJBRVU ><++−+   ,                                  (2.11) 
 
in which the potential barrier U  is generated by the randomly distributed strong pinning  
 
sites inside the bundle, xeJJ
rr =  is the transport current, bvr  ( Tvr ) is the velocity of the  
 
vortex- bundle (supercurrent), RpF ><
r
 stands for the random average of the random  
 
collective pinning force per unit volume, zeBB
rr =  is the magnetic field, V  is the volume of  
 
the vortex bundle, R  represents the transverse size of the vortex bundle, and the range of  
 
U  is assumed to be of the order of R . The self-consistent equations for the velocity of the  
 
thermally activated motion for the vortex bundles over the directional-dependent energy  
 
barrier are therefore obtained in components as,    
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><++−+−−    ,                         (2.13) 
            
Cν  presents the coherent oscillation frequency of the vortex bundle, and the distance between  
 
two adjacent minimum potentials of the vortex bundle is assumed to be of the order of R .  
 
Observing the fact that 1<<
T
bx
v
v , Eqs (2.12) and (2.13) can be approximately rewritten as, 
 
   )]}
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together with BvE b
rrr ×−= ,
J
Ex
xx =ρ , and J
Ey
xy =ρ , finally xxρ  and xyρ  can be obtained as,                
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   BJv xxby /|| ρ=  ,                                                      (2.18)    
 
where 2
1
)),((
V
BTCβ  is the magnitude of the random collective pinning force per unit volume [6]. 
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It is well understood that when temperature (magnetic field) below )( PP BT , the quasiorder-  
 
disorder phase transition temperature (magnetic field), the vortex lines form large vortex  
 
bundles [6], both Hall and longitudinal resistivities approach to zero quickly as temperature 
 
(magnetic field) decreasing. When temperature (magnetic field) above )( PP BT , the vortex  
 
lines form a disordered amorphous vortex system; however, they are not single-quantized  
 
vortex lines, the vortex lines still bounded closed together to form small vortex bundles of  
 
dimension mR 810−≈ . By pondering the fact that the arguments in the exponential functions  
 
inside the curly bracket of Eqs (2.16) and (2.17) are very small when the Lorentz force is  
 
closed to the random collective pinning force, Eqs (2.16) and (2.17) can be rewritten as,    
 
])),(([)2()exp( 2
1
0
V
BTJB
k
RV
Tk
U
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B C
BB
xx
β
π
νρ −−Φ=  ,                          (2.19)  
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νρ ,                  (2.20) 
 
with BJv xxby /|| ρ= . Interesting to stress that, from the above equations, taking into account 
 
the fact that 2
1
)),((
V
BTJB
Cβ> , for constant applied magnetic field (temperature), the random 
collective pinning force per unit volume 2
1
)),((
V
BTCβ  increases with decreasing (increasing)  
 
temperature (applied magnetic field). As temperature (applied magnetic field) decreases, the  
 
term 2
1
)),((
V
BTJB
Cβ−  in Eq (2.19) decreases monotonically; while the factor  
 
TT
T
V
BT
c
C
−α
β 21)),((  in Eq (2.20) increases, passing the value of 
T
by
v
v
JB
|| , and reaches a  
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maximum, then decreases again. Therefore, xxρ  decreases monotonically and xyρ  decreases  
 
crossing over from positive to negative value, reaching a minimum, then increases again.  
 
These truly reflect the nature of anomalous Hall effect.  
 
 We would like to emphasize that, from the above straightforward calculations, the viscous  
 
drag force plays no role in our theory. Our theory is different from the flux-flow theory; in the  
 
flux flow theory, the direction of vortex motion with respect to the transport current, the  
 
values of xyρ  and xxρ  depended heavily on the balance of the Magnus force and the  
 
viscous drag force.                                                             
 
It will become clear in subsequent sections that the AHE includes two regions: the  
 
thermally activated motion of small vortex bundles and the thermally activated motion of  
 
large vortex bundles; however, the flux-flow region does not belong to it. Also worthily  
 
mentioning that in the flux-flow region the pinning centers serve only as the short range  
 
scattering centers of order of the coherent length ξ  for the vortex core. Besides, these  
 
pinning centers are randomly distributed over the sample due to quenched disorder, hence the  
 
effects of pinning during the vortex motion tends to be averaged out. Therefore, the over all  
 
effects of pinning are insignificant in the flux-flow region.  
 
 
3. The anomalous Hall effect for type-II superconducting bulk materials  
 
In this section we first calculate the longitudinal and Hall resistivities for type-II  
 
superconducting bulk materials, in this case, Eqs (2.19) and (2.20) become,  
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with BJv xxby /|| ρ= . As we have indicated before, the above equations give rise to the  
 
phenomenon of AHE, namely, as the applied magnetic field (temperature) decreases, the  
 
value of xxρ  decreases monotonically, and xyρ  decreases crossing over to negative value and  
 
reaches its minimum value then increases again. We will discuss the cases both for constant  
 
temperature and constant applied magnetic field in the following subsections separately.  
 
3.1. The Hall and longitudinal resistivities for constant temperature 
 
In this subsection we study the case when the temperature of the system is at a constant  
 
valueT . As we have declared before, when applied magnetic field decreases, the value of xyρ   
 
decreases, crossing over to negative value and reaches its minimum, then increases again. It is  
 
interesting to compare with the experiments for this case. When the temperature is kept at a  
 
constant KT 91= , from Eqs (3.1) and (3.2) together with Eq (2.1), the Hall and the 
 
longitudinal resistivities as functions of applied magnetic field in Tesla are given as follows: 
                                 
mBxy −Ω×== −91057.2)4(ρ ,  mxy −Ω×= −111023.9)03.3(ρ ,  mxy −Ω×−= −91071.3)2(ρ ,  
mxy −Ω×−= −91023.1)1(ρ ;  mxx −Ω×= −61002.3)4(ρ ,      mxx −Ω×= −61004.2)03.3(ρ ,  
 
mxx −Ω×= −71097.6)2(ρ ,   mxx −Ω×= −71052.3)1(ρ  . 
  
In obtaining the above results, the following numbers have been employed approximately,  
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mR 8102 −×= , mL 610−= , 2610 m
AJ = , KTC 7.91= , sec/103 mvT = , 2
1
51076.3
−
−×= Tα ,  
 
111 sec10 −=ν ,   31087.3)exp( −×=−
Tk
U
B
,   362
1
/106.3))4(( mN
V
BC ×==β ,                    
 
362
1
/1072.2))03.3(( mN
V
C
×=β , 362
1
/1087.1))2(( mN
V
C
×=β , 352
1
/1007.9))1(( mN
V
C
×=β . 
 
From the above results we demonstrate that the value of xxρ  decreases monotonically and  
 
xyρ  indeed decreases crossing over from positive to negative and reaches its minimum value,  
 
then increases again with decreasing the applied field. If the applied field decreases beyond 1  
 
Tesla, from our previous study, the quasiorder-disorder phase transition occurs [6]; this is the  
 
region of the thermally activated motion for the large bundles, both the Hall and longitudinal  
 
resistivties approach to zero quickly as the applied field decreasing. These results are in good  
 
consistent with experimental data on δ−732 OCuYBa  high-Tc bulk materials [20]. The regime  
 
crosses over to the usual flux-flow regime, when the field increases beyond 4 Tesla.     
 
3.2. The Hall and longitudinal resistivities for constant applied magnetic field  
 
 Considering the case when the applied magnetic field is kept at a constant value TB 24.2= ,  
 
the Hall and the longitudinal resistivities as functions of temperature are given numerically as,                 
 
mKTxy −Ω×== −12103.6)3.91(ρ , mxy −Ω×−= −1210527.5)91(ρ , mxy −Ω×−= −910726.6)89(ρ ,  
 
mxy −Ω×−= −91067.5)87(ρ ;     mxx −Ω×= −61027.3)3.91(ρ ,   mxx −Ω×= −610067.2)91(ρ ,  
 
mxx −Ω×= −71053.2)89(ρ ,      mxx −Ω×= −71031.1)87(ρ . 
  
In arriving the above results, the following data are approximately used,        
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mR 8102 −×= ,  mL 610−= ,  2610 m
AJ = ,  KTC 92= ,  sec/103 mvT = ,  2
1
5102.1
−
−×= Tα ,  
 
111 sec10 −=ν ,   31006.4)exp( −×=−
Tk
U
B
,    362
1
/1069.1))3.91(( mN
V
TC ×==β ,    
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1
/10893.1))91(( mN
V
C
×=β , 3621 /10198.2))89(( mN
V
C
×=β , 362
1
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V
C
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Shown from the above results, the value of xxρ  decreases monotonically, and xyρ  is  
 
genuinely crossing over from positive to negative value and reaches its minimum, then  
 
increases again with decreasing the temperature. As the temperature is less than K87 , 
 
according to our previous study, the quasiorder-disorder phase transition occurs [6], it crosses  
 
over to the region of thermally activated motion for large vortex bundles, both the values of  
 
xyρ  and xxρ  move toward zero quickly as the temperature decreasing. These results are in 
 
good agreement with the experimental data on δ−732 OCuYBa  high-Tc bulk materials [20]. The  
 
regime crosses over to the usual flux-flow regime, when temperature is greater than K3.91 . 
 
 
4. The anomalous Hall effect for type-II superconducting films  
 
For type-II superconducting films, as we have detailed discussed in Sec 2.3, from Eqs  
 
(2.19) and (2.20), xxρ  and xyρ  now become,    
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13
0
V
BTJB
k
dR
Tk
U
TJ
B C
BB
xx
βπ
π
νρ −−Φ=            ,                (4.1) 
]
||
)),([(]2[)exp( 2
13
0
T
by
c
C
BB
xy v
v
JB
TT
T
V
BT
k
dR
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U
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−Φ−= αβππ
νρ ,                   (4.2)    
 
with BJv xxby /|| ρ= . As discussed in Section 3, the above equations sincerely signify the 
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phenomenon of AHE for both the constant applied magnetic field as well as constant  
 
temperature. We will examine the cases in the following subsections.     
 
4.1. The Hall and longitudinal resistivities for constant temperature 
 
Studying the case when the temperature is kept at a constant value KT 5.4= , the values of  
 
xyρ and xxρ  as functions of applied magnetic field in Tesla are given numerically as follows:                  
 
mBxy −Ω×== −1210311.1)25.7(ρ , mxy −Ω×−= −11105.1)7(ρ , mxy −Ω×−= −1010404.1)25.6(ρ ,  
 
mxy −Ω×−= −111066.7)6(ρ ,    mxx −Ω×= −71015.8)25.7(ρ ,  mxx −Ω×= −710667.7)7(ρ ,  
 
mxx −Ω×= −71005.6)25.6(ρ ,      mxx −Ω×= −710978.5)6(ρ . 
  
Where the following data have been employed approximately, mR 8102 −×= , md 8105 −×= ,  
 
2
5105
m
AJ ×= ,   KTC 5.7= ,   sec/102 mvT = ,   2
1
310168.1
−
−×= Tα ,    111 sec10 −=ν ,  
 
410085.3)exp( −×=−
Tk
U
B
,   362
1
/10399.1))25.7(( mN
V
BC ×==β ,  362
1
/10369.1))7(( mN
V
C
×=β ,  
 
362
1
/10364.1))25.6(( mN
V
C
×=β ,  362
1
/10205.1))6(( mN
V
C
×=β . 
 
Analyzing above results, we see that the value of xxρ  decreases monotonically and the xyρ   
 
decreases crossing over from positive to negative value and reaches its minimum, then  
 
increases again as the applied magnetic field decreasing, When the applied magnetic field  
 
decreasing below 6 Tesla, the quasiorder-disorder phase transition takes place [6], belonging  
 
to the region of thermally activated motion of large vortex bundles, both the values of xyρ   
 
and xxρ  approach to zero rapidly as the applied magnetic field decreasing. The results are in 
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good agreement with the experimental data on SiMo3  low-Tc thin films [21]. When the  
 
applied magnetic field greater than 25.7  Tesla, it belongs to the usual flux-flow regime. 
 
4.2. The Hall and longitudinal resistivities for constant applied magnetic field  
 
 Next focusing the situation when the applied field B  is kept at a constant value TB 1= ,  
 
the values of xyρ  and xxρ  as functions of temperature become,                                 
 
mKTxy −Ω×== −91087.1)6.92(ρ , mxy −Ω×= −1210072.7)92(ρ , mxy −Ω×−= −91081.2)91(ρ ,  
 
mxy −Ω×−= −91073.2)75.90(ρ ;   mxx −Ω×= −71089.4)6.92(ρ ,  mxx −Ω×= −710301.3)92(ρ ,  
 
mxx −Ω×= −810371.8)91(ρ ,     mxx −Ω×= −81086.7)75.90(ρ  . 
  
In deriving the above results, the following data are used approximately, mR 8102 −×= ,  
 
md 8105 −×= , 2610 m
AJ = , KTC 94= , sec/102 mvT = , 2
1
410352.7
−
−×= Tα , 111 sec10 −=ν ,  
 
21001.2)exp( −×=−
Tk
U
B
,  352
1
/1099.4))6.92(( mN
V
TC ×==β ,     352
1
/1063.6))92(( mN
V
C
×=β                
 
352
1
/1015.9))91(( mN
V
C
×=β , 352
1
/10203.9))75.90(( mN
V
C
×=β . 
  
  Recognizing the above results, the value of xxρ  decreases monotonically and xyρ   
 
decreases crossing over from positive to negative value and reaches its minimum, then  
 
increases again as the temperature decreasing; the quasiorder-disorder phase transition occurs  
 
[6] when the temperature decreasing below K87 , it then crosses over to the region of  
 
thermally activated motion of the large vortex bundles, both xyρ  and xxρ  come close to  
 
zero quickly as the temperature decreasing. Our results do exhibit the expected anomalous 
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nature and are in consistence with experimental data on δ−732 OCuYBa  high-Tc thin films [22].  
 
When the temperature greater than K3.91 , it crosses over to the usual flux-flow region.  
 
  
5. The reentry phenomenon for anomalous Hall effect 
  
In this section we investigate the situation that if the random collective pinning force  
 
2
1
)),((
V
BTCβ  is not too large, the value of xxρ  decreases monotonically and xyρ  decreases  
 
crossing over from positive to negative value at aT , the onset temperature for sign reversal,  
 
reaching a minimum, then increases crossing over from negative back to positive value at RT ,  
 
the reentry temperature, reaching a maximum value then decreases again with decreasing  
 
temperature. This is the fascinating reentry phenomenon. The condition for occurring the  
 
reentry is that if the random collective pinning force is not too large, such that when RP TT < ,  
 
where PT  is the temperature for the quasiorder-disorder first-order phase transition for the  
 
sample, then the reentry phenomenon could happen; if 2
1
)),((
V
BTCβ  is large enough, such  
 
that when RP TT > , then the reentry effect could not be observed. This is the reason why  
 
δ−732 OCuYBa  high-Tc materials do not have reentry effect at high applied magnetic field [23].  
 
To make numerical estimations for the above case, let us consider the applied field is kept  
 
at TB 2= , the Hall and the longitudinal resistivities as functions of temperature are given as,                  
 
mKTxy −Ω×== −1110724.1)102(ρ , mxy −Ω×= −121022.6)100(ρ , mxy −Ω×−= −131073.7)96(ρ ,  
 
mxy −Ω×−= −1410201.8)85(ρ ,    mxy −Ω×= −1310003.3)76(ρ ,  mxy −Ω×= −131082.2)74(ρ ;  
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mxx −Ω×= −810195.2)102(ρ ,      mxx −Ω×= −810108.1)100(ρ ,  mxx −Ω×= −91037.3)96(ρ ,  
 
mxx −Ω×= −910529.2)85(ρ  ,     mxx −Ω×= −910317.2)76(ρ ,   mxx −Ω×= −91021.2)74(ρ . 
  
In obtaining the above results, the following approximate numbers have been used,  
 
mR 8102 −×= , mL 610−= , 26105 m
AJ ×= , KTC 104= , sec/102 mvT = , 2
1
510278.3
−
−×= Tα ,  
 
111 sec10 −=ν , 51047.1)exp( −×=−
Tk
U
B
, 362
1
/103.4))102(( mN
V
TC ×==β ,  362
1
/1015.7))100(( mN
V
C
×=β     
 
362
1
/1015.9))96(( mN
V
C
×=β    362
1
/104.9))85(( mN
V
C
×=β ,   362
1
/1048.9))76(( mN
V
C
×=β ,  
 
362
1
/1051.9))74(( mN
V
C
×=β . 
 
Our present results shown that the value of xxρ  decreases monotonically and the xyρ   
 
decreases and crossing over from positive to negative value and reaches its minimum, then  
 
increases crossing over from negative back to positive value, researching a small local  
 
maximum then decreases again as the temperature decreasing. For temperature decreasing  
 
below K72 , the quasiorder-disorder first-order phase transition happens [6]. The system turns  
 
into the region of thermally activated motion of the large vortex bundles, both the values of  
 
xyρ  and xxρ  approach to zero promptly as the temperature decreasing. Our results reflect  
 
the fascinating reentry phenomenon and is in consistence with the experimental data on  
 
8222 OCuBaTl  high-Tc bulk materials [24]. While for the temperature higher than K102 , the  
 
regime crosses over to the usual flux-flow regime. 
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6. Discussion 
 
We would like to point out first of all that we have developed a novel theory for the  
 
thermally activated motion of vortex-bundle over the directional-dependent energy barrier  
 
formed by potential due to the Magnus force and the random collective pinning force and the  
 
potential U  generated by the randomly distributed strong pinning sites inside the bundle.  
 
We have successfully applied this theory and shown that the AHE is induced by the  
 
competition between the Magnus force and the random collective pinning force.     
 
Secondly, our theory for AHE is indeed a microscopic one. Starting from the microscopic  
 
theory of BCS [26] by Gor’kov [27], one can get the Ginzgurg-Landau theory [28]. By the  
 
work of Abrikosov [1], the flux lines in mixed state type-II superconductors form a long-  
 
range order of the FLL. However, in the presence of quenched disorder, the long-range order  
 
of the FLL is destroyed, only short-range order prevails [5-6]. Based on the thermally  
 
activated motion of the vortex bundles over the directional-dependent potential barrier  
 
together with the Maxwell’s equation and the effect of random collective pinning [6-9], we  
 
arrive at the theory of AHE. Therefore, our theory is a microscopic one.  
 
     Thirdly, we would like to emphasize that the quasiorder-disorder first-order phase  
 
transition or the peak effect [6] occurs inside the region of AHE. The phenomenon of AHE  
 
includes two interesting regions: the thermally activated motion of small vortex bundles, and  
 
the thermally activated motion of large vortex bundles; however, the flux flow region does not  
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belong to it. It is worthwhile to stress that we only consider the systems that are in steady  
 
state, any time-dependent behavior of the system will not be discussed. 
 
    Fourthly, our theory is a very general theory, it can be applied to conventional and  
 
high-Tc superconductors. Although their mechanisms, the structure of vortex lattice, and even  
 
the method of pairing are entirely different, these do not affect the results of our theory. 
             
   Finally, the dimensional fluctuations have no effect on the essential structure of our  
 
theory. This is why we discuss the 2D and 3D anomalous Hall effect at the same time. 
 
 
7. Conclusion  
 
We have developed a theory for the thermally activated motion over the directional-  
 
dependent energy barrier of vortex bundles for the mixed state type-II superconductors, and  
 
applied this theory to investigate the AHE for conventional and high-Tc superconductors, bulk  
 
materials and thin films. Our calculations demonstrate that the Hall anomaly is indeed  
 
induced by the competition between the Magnus force and the random collective pinning  
 
force. The AHE for constant applied magnetic field, constant temperature, the reentry  
 
phenomenon are also discussed. All the results are in good agreement with the experiments.  
 
 
Acknowledgements 
 
W Y Chen would like to thank Professor S Feng for useful and constructive discussions. 
 
 
 
 19
References 
   
[1] A.A. Abrikosov, JETP 5 (1957) 1174. 
 
[2] A.K. Niessen, F.A. Staas, Phys. Lett. 15 (1965) 26.  
 
[3] H. Van Beelen, et al., Physica. 36 (1967) 241.  
 
[4] E.H. Brandt, Rep. Prog. Phys. 58 (1995) 1465. 
 
[5] A. I. Larkin, Yu. N. Ovchinnikov, J. Low Temp. Phys. 43 (1979) 409.  
 
[6] W.Y. Chen, M.J. Chou, Supercon. Sci. Tech. 19 (2006) 237. 
 
[7] W.Y. Chen, M.J. Chou, Phys. Lett. A 280 (2001) 371.                      
 
W.Y. Chen, M.J. Chou, S. Feng, Phys. Lett. A 316 (2003) 261. 
 
[8] W.Y. Chen, M.J. Chou, Phys. Lett. A 276 (2000) 145. 
 
W.Y. Chen, M.J. Chou, Phys. Lett. A 291 (2001) 315.              
 
W.Y. Chen, M.J. Chou, Supercon. Sci. Tech. 15 (2002) 1071. 
 
W.Y. Chen, M.J. Chou, Phys. Lett. A 332 (2004) 405.     
           
[9] W.Y. Chen, M.J. Chou, S. Feng, Phys. Lett. A 310 (2003) 80.                 
 
   W.Y. Chen, M.J. Chou, S. Feng, Phys. Lett. A 342 (2005) 129.                 
 
[10] M. Tinkham, Introduction to Superconductivity, McGraw-Hill, New York, 1975, p. 175. 
 
[11] M.W. Coffey, J.R. Clem, Phys. Rev. B 44 (1991) 6903 
 
[12] A.M. Campbell, J.E. Evetts, Adv. Phys. 21 (1972) 199. 
 
[13] E.H. Brandt, J. Low Temp. Phys. 26 (1977) 709; ibid. 735; 28 (1977) 263; ibid. 291. 
 
[14] J. Bardeen, M.J. Stephen, Phys. Rev. 140A (1965) 1197. 
 
[15] A.G. Van Vijfeijken, A.K. Niessen, Phys. Lett. 16 (1965) 23.  
 
[16] P. Nozie’res, W.F. Vinen, Philos. Mag. 14 (1966) 667. 
 
[17] A.K. Niessen, F.A. Staas, C.H. Weijsenfeld, Phys. Lett. 25A (1967) 33.  
 
[18] A. Freimuth, C. Hohn, M. Galffy, Phys. Rev. B 44 (1991) 10396. 
 
[19] A.G Aronov, S. Hikami, Phys. Rev. B 41 (1990) 9548. 
   
[20] M. Galffy, E. Zirngiebl, Solid State Commun. 68 (1988) 929. 
 
[21] A.W. Smith, T.W. Clinton, C.C. Tsuei, C.J. Lobb, Phys. Rev. B 49 (1994) 12927.  
 
 20
[22] S.J. Hagen, et al., Phys. Rev. B 47 (1993) 1064.  
 
[23] W. G o&& b, et al., Phys. Rev, B 62 (2000) 9780. 
 
[24] S.J. Hagen, C.J. Lobb, R.L. Greene, M. Eddy, Phys. Rev. B 43 (1991) 6246. 
 
[25] I.G. Gorlova, et al., J. Low Temp. Phys. 139 (2005) 73. 
 
[26] J. Bardeen, L.N. Cooper, J.R. Schrieffer, Phys. Rev. 180 (1957) 1175. 
 
[27] L.P. Gor’kov, JETP 36 (1959) 1364. 
   
[28] L. Ginzburg, L. Landau, Zh. Eksp. Teor. Fiz. 20 (1950) 164. 
